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A series of Rh-substituted lanthanum zirconate pyrochlores doped with different loadings of Y (A-site or B-site)
were synthesized and studied for methane steam reforming (MSR) under low steam-to-carbon ratios (S/C = 1.0).
This study mainly focuses on Y doping in the pyrochlore structure and its potential influence on the catalytic
activity of Rh and carbon formation during reaction. XANES data showed that doping Y into the pyrochlore
resulted in an occupancy that was predominately located in the B-site, but overall the distribution of Y in each
site was similar in all catalysts despite the loadings of Y and stoichiometry of the constituent pyrochlore cations.
Activity testing showed that 4 wt% Y doping at La-site led to higher activity at high flow rate and feed dilution,
and high selectivity to synthesis gas. This catalyst showed strong resistance to coking under a long-term stability
test (300 h) and a series of low S/C ratios MSR.

1. Introduction
Methane steam reforming (MSR) plays an important role for largescale hydrogen and syngas production [1]. Syngas is a vital intermediate for production of a wide range of higher value fuels and chemicals, such as clean synthetic diesel, gasoline, or methanol. In general,
it has been found that group VIII metals, such as Fe, Co, Ni, Pt, Rh, etc.
can be used as the active components for this reaction [2], but Ni
catalysts have been widely investigated for hydrogen production in
large scale reactions due to the trade-off between activity and cost. A
notable downside of using Ni as a catalyst is carbon formation, and
therefore high steam to carbon ratio (S/C) are needed (> 2.5) to help
limit its formation [3]. Although high S/C ratios do favor higher methane conversions, there are certain downsides like higher energy
consumption to vaporize steam, larger reforming system to ensure
adequate heat transfer for vaporization, and greater dilution of the
syngas product. Certain applications would benefit from a compact
reformer operating at lower steam to carbon ratio (ca. ∼ 1.0), including
fuel cells, and deuterium production [4–7].
The use of low S/C ratios leads to issues with carbon formation on
the catalyst surface, which causes rapid irreversible deactivation of the
catalyst. For example, Ko et al. studied the effect of S/C ratio on Ni/
⁎

Al2O3 catalyst for MSR. Although the conditions were extreme, the
catalyst was deactivated within 5 h under S/C of 0.5 due to carbon
formation [8], which exemplifies how rapidly carbon formation can
occur in the absence of sufficient steam to balance out the CH4 decomposition reaction.
There are measures that can be taken to help promote reforming
under these types of conditions. The first being selecting a different type
of catalytic metal, and precious metals, such as Ru, Rh, Pt, etc. have
been studied due to their higher stability and resistance to whisker
carbon compared to first row metals like Ni [9–11]. Additionally, it was
found that catalysts with high thermal stability and mobile oxygen
species also help in dispersing active metals at high temperatures, thus
improving the reaction performance and carbon resistance of a catalyst.
Pyrochlore materials, with an A2B2O7 stoichiometry, have been
investigated over recent years as catalysts due to their high thermal
stability, superior oxygen ion conductivity and intrinsic oxygen vacancies in their structures [12–14]. In a cubic pyrochlore structure, the
A site is coordinated with eight oxygen ions, and occupied by a trivalent
rare earth cation with a larger ionic radius. The B site is coordinated
with six oxygen ions, and occupied by a tetravalent transition metal
cation with a smaller ionic radius. The structure of the pyrochlore
consists of an interrelated network of BO6 octahedra and A2O chains of
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Table 1
Samples prepared in this study and their designated formulas.

No Y
A site
B site

Y wt%

LCYZ composition

Formula

Rh substituted LCYZ

Formula

0
1.5
4
1.5
4

La1.92Ca0.08Zr2O7- δ
La1.82Ca0.08Y0.1Zr2 O7- δ
La1.67Ca0.08Y0.25Zr2 O7- δ
La1.92Ca0.08Zr1.9Y0.1 O7- δ
La1.92Ca0.08Zr1.75Y0.25 O7- δ

LCZ
LCY15Z
LCY40Z
LCZY15
LCZY40

La1.92Ca0.08Zr1.89Rh0.11 O7- δ
La1.82Ca0.08Y0.1Zr1.89Rh0.11O7- δ
La1.67Ca0.08Y0.25Zr1.89Rh0.11O7- δ
La1.92Ca0.08Zr1.79Rh0.11Y0.1 O7- δ
La1.92Ca0.08Zr1.64Rh0.11Y0.25 O7- δ

LCZRh
LCY15ZRh
LCY40ZRh
LCZRhY15
LCZRhY40

distorted cubes, which indicates two types of oxygen anions in the
structure. Specifically, one 48f oxygen anion is coordinated with two A
sites and two B sites, and one 8b oxygen anion is coordinated to four A
sites, resulting in the inherent oxygen vacancies in the cubic structure
of a pyrochlore [15–17].
Pyrochlores offer the flexibility to tailor the properties to improve
the physical and/or chemical attributes that are essential for hydrocarbon reforming, such as oxygen vacancy, catalytic activity, and
thermal stability [18–20]. As previously reported, doping into the A site
of a pyrochlore structure with a lower valence cation creates structural
defects in lattice, which increase oxygen mobility and enhances catalytic activity [21,22]. Huo et al. have demonstrated the charge compensating effect of Sr at the A site of lanthanum zirconate pyrochlores,
which creates oxygen vacancies compared to non-doped La2Zr2O7 [23].
Hsieh et al. studied Li doped pyrochlores in oxidative steam and autothermal reforming of ethanol [24]. The substitution of La3+ by Li+
metal cations altered the composition of active metal in the pyrochlore
structure, resulting in the formation of oxygen vacancies and improved
activity. In our previous work, a Rh substituted pyrochlore doped with
Ca at the A site for La showed a stronger interaction between Rh and the
surrounding cations and/or oxygen in the lattice, resulting in higher
activity toward dry reforming compared to a non-Ca-doped catalyst
[25].
Whittle et al. reported the change in oxygen vacancies using a series
of Y doped lanthanum zirconates, in which oxygen vacancies were
generated at the 48f site when the ionic ratio r(A3+/B4+) decreased
within the pyrochlore-type range [26]. Y doping into the A site of
pyrochlores has been studied and speculated as a driving force for
lattice distortion or to induce mobile oxygen vacancies [3,27]. However, few experimental studies are available for MSR using Y as dopant
in La2Zr2O7 pyrochlore. In our previous work, a Rh substituted lanthanum zirconate doped with both Ca and Y was studied for partial
oxidation of n-tetradecane (n-TD) [28]. Y doping at the B site showed
improved carbon resistance toward partial oxidation of n-TD. As such, Y
could be a promising dopant in mitigating carbon formation during
MSR under low steam partial pressures. Thus, we continued the study
by evaluating Y substitution at either the A or B sites to understand how
its presence affects pyrochlore structure and interacts with Rh to determine the site preference of Y for the optimal benefits to activity and
carbon mitigation at low steam MSR conditions.
In the present work, a Ca and Rh substituted lanthanum pyrochlore
(LCZRh) was substituted with Y at different loadings at either the A-site
or B-site to determine its potential influence on catalytic activity for
MSR under low steam-to-carbon conditions. To clearly understand the
effect of Y addition, loadings of 1.5 % and 4 % of Y by weight were
substituted into either the La or Zr sites, and compared to a Y-free
material. All samples were characterized by XRD, Raman, TPR, XPS,
and XANES to determine important physical and chemical properties.
Activity studies were performed by a temperature programmed surface
reaction (TPSR) to assess differences in performance, and a long-term
stability test at low S/C conditions was also performed on the most
stable and active materials from the TPSR studies.

2. Experiment
2.1. Catalysts synthesis
Pyrochlore catalysts were synthesized by a modified Pechini method
as reported previously [29,30]. Stoichiometric amounts of lanthanum
nitrates (La(NO3)3 6H2O), zirconium oxynitrate (ZrO(NO3)2 2H2O),
calcium nitrate (Ca(NO3)2 4H2O), and rhodium chloride (RhCl3 2H2O)
were combined and dissolved in de-ionized water. A 2 wt % Rh loading
was used for all Rh substituted catalysts. The aqueous mixture of metal
nitrates was then mixed with an aqueous citric acid solution. The citric
acid: total metal ion ratio was maintained as 1.2:1. The solution was
stirred and heated up to 70 °C to allow metal complexation. Next,
ethylene glycol was added (1:1 M ratio to citric acid), and the solution
was left stirring at 70 °C until a transparent gel was obtained. The
beaker was then transferred to an oven and heated to 130 °C to promote
the polyesterification reaction between ethylene glycol and citric acid.
The precursor was then dried overnight at 130 °C and calcined at 900 °C
for 4 h resulting in pyrochlore formation. For samples without Rh
substitution, rhodium chloride was eliminated in sample preparation.
For catalysts with different Y loadings, a stoichiometric amount of yttrium nitrate (Y(NO3)3 6H2O) was added to obtain 1.5 % and 4 %
(weight percentage) in pyrochlore structures. Table 1 lists all samples
prepared with different percentage of Y loading in this work.
2.2. Catalyst characterization
2.2.1. BET surface area
Surface area measurements were performed using a Micromeritics
ASAP 2020 instrument. 1 g of sample was used for each experiment,
and the filler rod was placed in the tube to minimize volume due to the
low surface area of materials. BET measurements were then conducted
using nitrogen adsorption at 77 K. A 5-point surface area measurement
was used for all samples. The range of P/Po ratios used for the measurement was 0.02-0.3.
2.2.2. Thermal gravimetric analysis (TGA)
A TA Instruments Discovery unit was used for carbon analysis of the
spent catalysts. The analysis of spent catalysts was performed under an
oxidative atmosphere by using a 10 mL/min high purity air flow with a
ramping rate of 5 °C/min from ambient to 900 °C to quantify the carbon
deposition amount on the spent catalyst. The instrument provided
weight loss percentage as a function of time and temperature.
2.2.3. X-Ray Diffraction (XRD)
Crystallographic analysis of catalysts was examined using a
PANanalytical X’pert Pro X-Ray diffraction system. The diffraction
patterns of the powder samples were collected at 45 kV and 40 mA with
Cu Kα radiation at a wavelength of Kα 1.54184 Å. Scans were performed in a 2θ range of 20−80° with 0.026°/s scan rate and a 120 s step
time to analyze the crystalline phase and crystallite size of the samples.
Highscore Plus was used for peak fitting, crystallite size determination
and Rietveld refinement. The Scherrer equation was used for crystallite
size estimation.
2
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2.2.4. Raman spectroscopy
Raman spectra of the powdered pyrochlore supports were recorded
using a LabRAM HR Evolution HORIBA Jobin Yvon Raman spectrometer with an excitation wavelength of 532 nm for measuring the
Raman shift ranges of 100–750 cm−1 and 1200–1800 cm−1 for fresh
and spent samples, respectively. A 100X magnification microscope
objective was used in the experiment. Prior to each experiment, a beam
alignment and calibration were performed.

CCH4 =
YH2 =

n (CH4, in) n (CH4, out )
× 100%
n (CH4, in)

n (H2, out )
× 100%
4 × n (CH4, in)

RH2/CO =

n H2
nCO

(1)
(2)
(3)

It is noted here that n (CH4,in) indicates the amount of inlet CH4, and
the n (CH4,out) refers to the amount of outlet CH4; n (H2) and n(CO) indicate
the amounts of H2, and CO detected in the outlet, respectively.

2.2.5. Temperature programmed reduction of catalyst
Temperature programmed reduction (TPR) of each catalyst was
performed on a Micromeritics Autochem 2910 equipped with a dual
thermal conductivity detector (TCD). 150 mg of catalyst was loaded in a
quartz tube. After an argon pretreatment at 200 °C for drying, the H2
temperature programmed reduction was started from room temperature to 900 °C at a rate of 5 °C/min under a 30 mL/min 5 % H2/Ar gas
mixture flow. The H2 consumption was quantified by using AgO as the
calibration standard sample.

2.3.1. Temperature programmed surface reaction (TPSR)
Catalytic activity of the Y containing LCZRh materials was assessed
using a temperature programmed surface reaction (TPSR) in which the
bed temperature was increased from 200 °C to 850 °C by 5 °C/min at
0.45 MPa. Deionized water with a flow of 0.08 mL/min was pumped
into a heated chamber controlled at 285 °C for steam generation. A
weight hourly space velocity (WHSV) of 300,000 sccm/gcat/h was used
with gas composition of 10/10/80 vol percentage, which corresponded
to a S/C ratio of 1.0. After ramping the reactor temperature up, it was
then lowered by the same rate to 200 °C. This heat-cool cycle was repeated for 3 times consecutively to observe changes in activity.

2.2.6. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) analysis was carried out
with a ULVAC-PHI VersaProbe III instrument using a monochromatized
Al Kα X-ray source (1486.6 eV). Sample powders were mounted on
double-sided non-conductive tape (or pressed into a pellet for the spent
sample) and dual-beam charge neutralization was applied. The pass
energy of the analyzer was 55.5 eV and the binding energy step size was
0.1 eV. Binding energies were calibrated using the C 1 s peak for adventitious carbon, which was assigned a binding energy of 284.8 eV.
Atomic concentrations were calculated using PHI MultiPak software.
Selected spectra were curve fitted using CasaXPS software.

2.3.2. Effect of S/C ratio
To study the effect of steam-to-carbon ratio and carbon tolerance,
the S/C ratio was evaluated at 1.0, 0.75, 0.5, and 0.25 consecutively for
3 h at each set of conditions, followed by an increase back to 0.5 and
0.75 for 3 h each to show any observable loss in activity. Argon was
used for dilution of each condition (WHSV = 60,000 sccm/gcat/h,
T=850 °C).
2.3.3. Long-term testing
For the long-term stability tests, the catalyst was monitored continuously with time on-stream for up to 300 h at constant temperature
(850 °C), S/C ratio = 1, P = 0.45 MPa, WHSV = 80,000 sccm/gcat/h.

2.2.7. X-Ray Absorption Near Edge Structure (XANES)
Zirconium, yttrium and rhodium X-ray absorption near edge structure (XANES) measurements were performed at the electron storage
ring of J. Bennett Johnston, Sr. Center for Advanced Microstructures
and Devices (CAMD), Louisiana State University, Baton Rouge. The ring
is operated at 1.3 GeV, with the ring current between 120 and 50 mA.
Measurements were made at the “windowless” Crystal Monochromator
(DCM) beamline of CAMD with a 13 μm Kapton™ window separating
the ring from the experimental chamber. InSb 111 crystals were used in
the Lemonnier-type double crystal monochromator for measurements.
Rhodium metal, zirconium and yttrium oxides were used as standards
for calibration of respective edges. The measurements were made in
transmission or fluorescence depending on the concentration. Both
measurements were made with air at reduced pressure, in the range of
20–30 Torr, as the ionizing gas. A Ketek™ 150 mm2 silicon drift detector
was used for fluorescence measurements. Data analysis was performed
with ATHENA in Demeter [31].

3. Results and discussion
3.1. Catalyst characterization
3.1.1. X-Ray Diffraction (XRD) and BET Analysis
The major purposes of this work are to understand the effect of Y
doping in a pyrochlore structure at both the A and B sites for MSR, and
to investigate the relationship between the catalytic activity and pyrochlore structure. Therefore, to confirm the successful synthesis of
pyrochlore phase with Y as the dopant, standard materials without Rh
substitution were prepared and analyzed by XRD (see Fig. 1a). These
materials all showed the typical diffraction peaks readily assigned to
the La2Zr2O7 crystalline phase (JCPDS:17-0450), with a face centered
cubic unit cell structure. No other impurity peaks were observed, such
as La2O3, or ZrO2, confirming pure pyrochlore phase. The structural
properties of the standard materials are summarized in Table S1. A shift
of pyrochlore peak to a higher 2θ value was observed when Y is doped
at the A site. This could be due to partial replacement of La 3+ with the
smaller Y 3+ (Y 3+ 1.019 Å vs. La 3+ 1.16 Å), which results in a
shrinkage of the overall spacing between planes. When Y is doped at B
site, partial replacement of Zr4+ with the larger Y 3+ (Y 3+ 0.9 Å vs.
Zr4+ 0.72 Å) leads to the peak position shifting to a lower 2θ value
indicating some Y is occupying the B site.
The estimated crystallite size of the catalysts was determined from
XRD pattern parameters based on Scherrer's equation. The estimated
crystallite size of LCZ is 43.7 nm. With Y addition at A site, the crystallite size decreases to 38.9 nm and 29.8 nm, for LCY15Z and LCY40Z,
respectively. When Y is doped at B site, the catalyst’s crystallite size
decreases to 31.0 nm and 23.0 nm for LCZY15 and LCZY40, respectively

2.3. Activity evaluation
Catalytic activity was measured in an Autoclave engineering BiRS-Jr
fixed bed reactor with an inner diameter of 13 mm [32]. For study of
catalytic activity, typically, 200 mg of catalyst was diluted with sand up
to 3 mL to minimize channeling and temperature gradients. Temperature was measured using a thermocouple that was axially centered in
the bed. Catalysts were loaded into the reactor as prepared without
pretreatment. All gases were 99.99 % pure. Reactive gases were delivered by mass flow controllers, and water was delivered by an Isco
high accuracy syringe pump. Water in the product gas was condensed
out, and the outlet gas composition of the dry product was continuously
measured by an online mass spectrometer.
The CH4 conversion (CCH4), H2 yield (YH2) and H2/CO ratio (RH2/CO)
are quantified by the following equations:
3
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Fig. 1. XRD patterns of the (a) LCYZ and (b) Rh substituted LCYZRh with different Y loadings.

(see Table S1). Y3+ ions occupy the regular lattice of La3+/Zr4+,
leading to distortion and stress in the cell lattice, which caused a decrease in crystallite size with Y addition [33].
The XRD patterns of each Rh substituted catalyst are also shown in
Fig. 1b, and show face-centered cubic unit cell structures. Peaks attributed to pyrochlore La2Zr2O7 were identified in all samples, indicating that the addition of active metal does not affect the wellcrystalline pyrochlore structure. The crystallite size of LCZRh is
20.7 nm, which is smaller than that of LCZ (43.7 nm). The Rh in the
structure may hinder particle growth, which may be attributed to grain
pinning or solute drag, resulting in smaller crystallite size compared to
LCZ [34].The estimated crystallite size in Y doped catalysts indicate a
decrease with increasing Y content at both A and B site as shown in
Table 3.
When 2 wt% Rh was substituted in the catalyst material, a new peak
at 2θ = 31.8° corresponding to LaRhO3 perovskite (JCPDS: 10-0305)
was observed in addition to the main pyrochlore phase. The amount of
LaRhO3 perovskite phase is related to both Rh substitution and Y
doping in the system. As discussed in our previous work, when Rh
content is 1 wt%, no perovskite phase was observed in the XRD spectrum. When Rh concentration increases to 2 wt%, the excess Rh incorporate with La and form LaRhO3 perovskite phase [28]. Rietveld
refinement (see Table S2) of XRD spectra showed if all Rh were present
in LaRhO3 phase, the theoretical weight percentage of perovskite phase
in each catalyst is 5.6 %, which is higher than that of the experimental
value. Thus, Rh species located in both perovskite phase and pyrochlore
phase. The formation of the perovskite phase was detected in all samples regardless of Y addition, indicating that the Rh accumulates in this
phase regardless of the presence of Y in either site. A higher content of
perovskite phase was observed in higher Y loading at both A and B site
by measuring relative intensity ratio of the perovskite peak
(2θ = 31.8°) to pyrochlore peak (2θ = 28.6°).
In addition, the specific surface areas of each sample measured with
N2 adsorption-desorption are listed in Table 2. The surface area of Rh
containing LCZRh (10.08 m2/g) is slightly higher than that of LCZ

Table 3
A linear correlation of Y K-edge spectra using 6-fold Y2O3 and 8-fold YIG
standard materials.

LCZRh
LCY15ZRh
LCY40ZRh
LCZRhY15
LCZRhY40
a
b

Lattice
parameters
(Å)

10.817
10.795
10.779
10.853
10.853

Crystallite
size (nm)a

20.7
19.5
18.2
18.4
16.6

Surface
area
(m2/g)b

10.1
12.3
12.3
10.4
9.2

Crystalline
phase

pyrochlore
pyrochlore
pyrochlore
pyrochlore
pyrochlore

hkl

d (Å)

28.5
28.6
28.7
28.5
28.5

3.12
3.11
3.11
3.13
3.13

E0

8-fold (YIG) %

E0

R-factor

LCY15ZRh
LCY40ZRh
LCZRhY15
LCZRhY40

65( ± 0.02)
68( ± 0.01)
70( ± 0.02)
72( ± 0.01)

2.93
2.37
2.51
2.70

35( ± 0.02)
31( ± 0.01)
30( ± 0.02)
28( ± 0.01)

−0.01
−0.06
0.26
0.13

0.002
0.0008
0.002
0.0006

3.1.2. Structure analysis of LCYZ by Raman spectroscopy
While XRD studies are more sensitive to cationic lattice parameters,
Raman spectroscopy is useful for analyzing the structure of La2Zr2O7 by
detecting metal-oxygen bonds, due to its sensitivity to changes in the
oxygen sub-lattice. To evaluate Y loading, the standard materials
without Rh were analyzed by Raman spectroscopy in the frequency
range of 100−800 cm−1, with the spectra displayed in Fig. 2. As reported by Zhang et al., oxygen cation vibrations could be readily detected by Raman spectroscopy, and a typical cubic pyrochlore A2B2O7
phase belongs to an Fd3m space group and has six Raman active modes:
A1g+Eg+4F2g [3]. Raman bands around 300 cm−1 and 520 cm−1 can

222
2 θ (o)

6-fold (Y2O3) %

(8.02 m2/g), which may due to the presence of Rh and the formation of
the LaRhO3 phase. When Y is doped at A site, surface area slightly increases from 10.1m2/g to 12.3 m2/g and 12.3 m2/g for LCY15ZRh and
LCY40ZRh, respectively. This may be due to formation of smaller particles when Y is doped, as suggested by Kawabata et al. who observed a
decrease in particle size when Y was added in a ZrO2 support [35].
However, catalysts with Y doping at B site showed similar or decreased
BET surface area for LCZRhY15 and LCZRhY40, respectively. The decrease of surface area may due to the presence of oxygen vacancies in
the lattice from Y doping, see XANES results in Section 3.1.3 below. The
oxygen vacancies resulting from the replacement of Zr4+ by Y3+ would
lead to a denser material, resulting in a lower surface area [34].
Further comparison was made using the lattice constant determined
at room temperature for all Y doped catalysts, as well as the Y-free
catalyst. A decrease of lattice parameter was observed as Y loading
increases at A site. Similar results were observed in the work by Yang
et al. [27]. This reduction may be due to the fact that the ionic radius of
Y 3+ is smaller than that of La3+, resulting in lattice distortion. Mandal
et al. also observed a similar trend for Y doped Nd2-yYyZr2O7, indicating
lattice disorder [36]. The lattice parameter increases when Y is doped at
B site, indicating the substitution of larger Y3+ ion at Zr4+ site. It is also
worth noting that further doping of Y at B site (LCZRhY40) does not
change the lattice parameter, which may be a result of the limited Y
solubility at the B site of the pyrochlore. Overall, XRD shows evidence
of Y doping at A and B site; however, the measurements used from this
technique, i.e. crystallite size, peak shifting, and lattice parameter, represent aggregate values which require further characterization to
confirm the location of Y in the structure.

Table 2
The structure properties of the LCYZRh materials.
Samples

Samples

Calculated from XRD results.
Determined by N2-BET.
4
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Fig. 2. (a) Raman spectra, and (b) Detailed comparison of Eg peak position and lattice parameters from XRD for LCYZ standards with different Y loadings.

be assigned to Eg and A1g mode of the pyrochlore structure. Bands at
around 400 cm−1, 535 cm−1 can be attributed to two F2g modes. The
obtained spectra were consistent with other studies [37]. The A1g mode
could be assigned to B-O6 octahedral bending vibrations, whereas the
Eg mode to OeBeO bending, and F2g represents a mixture of AeO and
BeO bond stretching with bending vibrations [38,39]. Other bands at
600 cm−1 and 700 cm−1 of F2g were not observed for these materials,
possibly due to the strong coupling of the octahedra in the pyrochlore
framework [36,40].
No individual La2O3 and ZrO2 vibrations were observed in any of
the profiles. All active modes can be observed in the Raman profile of
La2Zr2O7 for LCZ, indicating a well-ordered pyrochlore structure. With
an increase of Y content, the profiles are similar to that for LCZ, but
both band broadening and band shifting can be detected. Firstly, the
band broadening observed for the peak representing the Eg mode at
300 cm−1 with Y doping of 4.0 wt% at both the A site and B site, indicates an increasing degree of disorder compared to the sample
without Y [38], likely signifying the presence of Y in the B-site in these
materials. In ordered compounds like pyrochlore, disorder could occur
due to presence of vacancies, defects or foreign ions that disrupt the
translational symmetry in the lattice [41]. As reported in B.P. Mandal’s
work, the peak at 304 cm−1 broadened with increase in Y content in the
Nd2-yYyZr2O7 pyrochlore structure. The disorder in the structure is associated with the 48f oxygen site, indicating an anionic disorder
[36,41].
Secondly, Eg and A1g modes are shifted with the increase of Y
doping at A and B sites, as shown in Fig. 2b. The Eg band that sits at
about 300 cm−1, assigned to OeBeO bending, and A1g at about 489
cm−1, assigned to BeO stretching, are shifted to higher frequencies
(blueshift), indicating a shorter and stronger BeO bond for LCY40Z. On
the contrary, a redshift was observed with LCZY40, Y doping at the B
site, indicating a bond length increase and bond weakening [42,43].
The Raman results convey that the red/blue shift of Raman spectra is
mainly caused by the increase/decrease of lattice parameter and possesses long-range order of the local structure [44]. The results are
consistent with the lattice constant obtained from XRD data. It is interesting to see that doping of Y at both A and B site, alters the bond
length of BeO. Raman analyses of Rh substituted materials were also
performed, but the presence of Rh distorted the oxygen sublattice and
segregated into the perovskite phase, and thus did not show any
meaningful differences in the spectra between the materials, as shown
in Figure S1.

fold coordination (ZrSiO4) [45]. Two peaks, corresponding to the 2p to
4d transition, can be observed, at ∼2309 (feature A) and 2312 (feature
B) eV (Fig. 3a). All catalysts show similar A and B peaks, the A peak
being more intense than B, representing a 6-fold coordination of Zr in
catalysts, which is consistent with previously reported results [46–48].
In order to further understand the effect of Y doping into a pyrochlores structure, XANES spectra of Y L2, and L3-edge were also studied
and shown in Fig. 3d and e. Compared to Zr L-edge, very few studies
have examined the Y L-edge [49–51]. Since Y L3-edge probes 4d
bonding states, the structure of Y cations may be inferred by the line
shape [52]. In Y L2-edge (Fig. 3d), peak at ∼ 2155 eV, along the line
BB’, the peak intensities are distinctly depending on Y doping concentration.
Similar to that observed for Zr L3-edge, Y L3 edge of the pyrochlores
(Fig. 3e) also has two features, designated as A and B. The crystalline
Y2O3 powder reference sample has the space group of Ia3. The two
clearly resolved peaks for this sample are representative for a crystalline sample with Y in a distorted 6-fold coordination. However, these
two distinct, ligand-field splitting related spectral features are not
clearly observed for any of the Y doped LCZRh samples. It seems unlikely that the Y coordination is exclusively in the 6-fold, even when
substituted into the B-site of the pyrochlore, as the profiles are much
different than the Y2O3. In the case of YSZ, the coordination is between
6–8, depending on the Y doping amount in the structure [53,54]. An
obvious difference was observed between Y2O3 and YSZ, as seen in Y L3edge, the peaks along line AA’ and C’C showed different relative intensity ratios, indicating different Y coordination environment. In fact,
the Y L3-edge shape of all Y doped LCZRh catalysts is quite uniform
with a small shoulder at the low energy side, similar to what was observed for YSZ, which indicates the existence of different coordination
environments [46].
To better understand the site preference of Y in the structure, absorption spectra was then obtained at near Y K-edge energy as shown in
Fig. 3f. Standard sample Y2O3 (6-fold coordination) and Y3Fe5O12 (YIG;
8-fold coordination) were also studied for comparison. Similar to the Ledge profiles, those for the K-edge do not explicitly resemble the curves
for the standard compounds. In Y2O3, the Y atom are surrounded by six
oxygen atoms in octahedral coordination, whereas in YIG, Y atom are in
eight coordination in a psudo-cubic symmetry, similar to the B-site and
A-site of the pyrochlore respectively. In theory, it would be expected if
Y at A site has an 8-fold coordination, and Y at B site has a 6-fold coordination the spectral features would be similar to YIG and Y2O3 respectively. However, the spectra of the Y doped pyrochlore catalysts
have features that resemble both of the standard materials, meaning Y
is likely present in these samples in both 6-fold as well as 8-fold coordination despite the desired coordination environment from synthesis.
The amount of Y in each site can then be found from the linear
combination fitting of the Y K-edge for each sample with Y2O3 and YIG.
The quantitative values determined from the fitting procedure are
shown in Table 3, and indicates that Y is mostly doped at B site of

3.1.3. X-Ray Absorption Near Edge Structure (XANES)
To further explore the effect of Y addition in the pyrochlore structure, the oxidation state and overall coordination environment, X-Ray
Absorption Near Edge Structure analysis was performed at Zr, Rh, Y Ledge. The XANES spectra of Zr L2 and L3 absorption edges for all rhodium substituted pyrochlores are shown in Fig. 3a and b, respectively.
The Zr L2 and L3 edge white line splits into two when it is in 6-fold
coordination, becomes less so in 7-fold and there is only one peak in 85
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Fig. 3. XANES spectra of (a, b) Zr L3, L2-edge region for all samples; (c) Rh L3-edge region for all samples; (d, e) Y L2, L3-edge region for all samples; (f) Y K-edge
region for all samples.

pyrochlore structure. It is surprising that Y doped predominately at Zr
site of the pyrochlore, regardless of the doping position from the original stoichiometric calculation. The results were unlike a study by
Wang et al. [55]. They studied the effect of atom- and phase-scale
compressive stress on fracture toughness in Y doped lanthanum zirconate solid solution. The lattice parameters showed that Y solely substituted for La3+ with a low doping content, whereas, with increase of Y
content, Y 3+ begins to substitute Zr site. The hypothesis was mainly
based on lattice parameters obtained from XRD data, which appeared to
show site preference. Similarly, in the current work, the XRD also
showed proof for Y doping at the A and B sites; however, the XANES
data provided extra detail of Y coordination condition, where a combination of both 6 and 8 coordination was observed and the differences
in lattice parameter were a result of only a few percent difference of Y
in each site. It should be mentioned that the samples in Wang’s work
were prepared using a different method (co-precipitation method), and
calcination temperature (1200 °C) compared to the catalyst discussed in
this paper, which could affect the distribution of Y in the structure.
Although formation of pure crystalline pyrochlore phase were observed
from both methods, studies showed that difference in crystallite size,
micro strain and other physical properties varies due to synthesis
methods [56]. In order to further understand the Y occupancy, we
analyzed a section of yttrium XANES K edge spectra and their corresponding derivatives near the edge are shown as inserts in Figure S2.
Both figures appear identical suggesting Y’s presence is primarily

detectable in the pyrochlore phase. If yttrium was present in LaRhO3,
which was detected by XRD in variable amount among the samples, its
edge should have been visible in the XANES spectra and their derivatives. Furthermore, TPR data, discussed below, shows the reducibility
of the Rh, which is primarily present as LaRhO3, is qualitatively similar
in terms of reduction temperature for Y containing and non-Y containing catalysts indicating Y is not significantly present in this phase.
More in-depth studies are still needed to clearly understand the effect of
Y doping and different synthesis method on material properties.
The XANES profiles of the Rh L3-edge region for all rhodium substituted pyrochlores is shown in Fig. 3c, and are compared to a rhodium
nitrate and Rh metal standards. All catalysts show profiles that are
qualitatively similar to each other, as well as the rhodium nitrate
standard, indicating Rh is in a 3+ valence. This indicates that Y doping
results in no detectable difference on the coordinative environment for
Rh on the catalysts produced for this study.
3.1.4. X-ray photoelectron spectroscopy (XPS)
To understand the atomic concentration and chemical state of each
element, XPS is adopted to study the surface properties of the fresh
catalysts, with the results shown in Figure S3, and Table S3. The spectra
for regions La 3d, Rh 3d, Zr 3d, and Y 3d are shown in Figure S2 a–d. In
Figure S3a, all catalysts show La 3d5/2 at ∼ 832.4 eV and La 3d3/2 at
∼849.5 eV, which corresponds to the presence of La3+ on the catalysts
surface. The spin-orbit splitting of the 3d5/2 and 3d3/2 is found to be ∼
6
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Table 4
Quantitative XPS results of pyrochlore samples with different Y loadings.
Catalyst

Atomic Ratio
La/Zr

LCZRh
LCY15ZRh
LCY40ZRh
LCZRhY15
LCZRhY40

Rh/La

Rh/Zr

Y/La

Exp

Theory

Exp

Theory

Exp

Theory

Exp

Theory

1.202
0.910
0.921
1.069
1.281

1.016
0.963
0.884
1.073
1.171

0.015
0.025
0.034
0.022
0.016

0.057
0.060
0.060
0.057
0.057

0.018
0.022
0.032
0.023
0.021

0.058
0.058
0.058
0.061
0.067

–
0.066
0.164
0.050
0.146

–
0.055
0.150
0.052
0.130

16.8–16.9 eV, which is in agreement with the literature [57,58]. The Zr
3d spectra shown in Figure S3b has no change in oxidation states for all
catalysts. Zr 3d5/2 and 3d3/2 appear at ∼181.5 and ∼183.8 eV, which
corresponds to the presence of tetravalent Zr4+ on the surface. The
spin-orbit splitting between 3d5/2 and 3d3/2 is ∼ 2.2–2.4 eV, which is in
agreement with the reported literature [59,60]. Ca 2p level spectra is
difficult to observe due to the small amount of Ca doped in the structure. The Y 3d level spectra are shown in Figure S3c. The binding energy (BE) for Y 3d5/2 is 157.25 eV. The spin-orbit splitting between the
3d5/2 and 3d3/2 is ∼1.8−2.0 eV [61]. The shapes of Y profiles are similar, as the Y loading increases, the peak intensity increases regardless
of Y doping in either site, which was consistent with XANES data. XPS
spectra for the Rh 3d core level are shown in Figure S3d. The BE of
Rh3+ valence state is in a wide range from 308.1 to 309.9 eV. Rh3+ is
the only detected species. As the Y concentration increases, a Y 3p1/2
peak overlaps with the Rh 3d doublet, resulting in a complex spectral
region.
Quantification results using surface atomic ratios from the XPS results are shown in Table 4. For the Y-free LCZRh material, the La and Zr
are present in the expected 1/1 ratio as dictated by the pyrochlore
stoichiometry. Overall the Rh surface levels for all catalysts are lower
than the theoretical Rh-substituted pyrochlore formulation which suggests that the majority of Rh is dispersed in the bulk of the catalyst,
probably in the structure of the perovskite. All Y doped materials show
similar surface Rh concentration, among which LCZY40Rh shows relatively higher surface Rh concentration compared to other samples. A
possible explanation for this may be the catalyst has a lesser amount of
larger La cations present which may result in less diffusional resistances
to Rh as it exsolves from the structure during crystallization. This would
lead to its accumulation at the surface and grain boundaries, resulting
in a higher surface concentration of Rh [34].

Fig. 4. TPR of substituted pyrochlore catalysts.
Table 5
Quantification of TPR peak position and H2 uptake.
Catalysts

LCZRh
LCY15ZRh
LCY40ZRh
LCZRhY15
LCZRhY40

TPR Peak position (°C)

H2 uptake (mg H2/g.cat)

1

2

3

265
270
270
267
267

321
350
320
327
336

434
434
438
431
441

0.94
1.11
1.18
1.10
1.10

at both A and B site, indicating a slightly stronger interaction between
the Rh2O3 and the pyrochlore surface. No significant high temperature
peak shift was observed among catalysts when Y dope at either site,
indicating a similar coordination environment and interaction between
Rh and pyrochlore structure when Y in present.
The peak information and the amount of H2 uptake by the reducible
Rh per gram of each catalyst is summarized in Table 5. If all Rh in the
catalyst were present as Rh2O3 form, the theoretical H2 uptake is
0.59 mg/g.cat. This indicates that Rh is also present in other forms, i.e.
perovskite phase. A total H2 uptake of 1.18 mg/g.cat. is obtained if all
Rh is present in perovskite phase. The data indicates that Rh is likely
present in both pyrochlore/LaRhO3 forms, which is consistent with the
XRD Rietveld refinement data.
Among all catalysts, the H2 uptake of LCY40ZRh is 1.18 mg H2/gcat,
which is the highest among the five catalysts. This is likely due to the
higher degree of disorder in the lattice oxygen observed from Raman
spectroscopy (i.e. blue shift in the Eg peak). This is also consistent with
the XPS data, where relatively more surface Rh species were observed
for this material compared to other catalysts. Overall, the total H2 uptake were slightly higher for Y doped catalysts, indicating a relatively
more reducible Rh species.

3.1.5. Temperature programmed reduction (TPR)
TPR profiles of the catalysts are shown in Fig. 4 using all Rh substituted catalysts to determine the reducibility of Rh in the pyrochlore
structure. Reduction of LCZ is negligible when plotted on the same scale
as for other Rh substituted samples [62].
LCZRh showed three reduction peaks, a smaller reduction peak at
265 °C and two high temperature reduction peaks at 321 °C and 434 °C,
respectively. The lower temperature peak can be assigned to the Rh2O3
species on the surfaces. This peak temperature is much higher than that
observed for Rh supported on SiO2 or Al2O3 (160−180 °C), indicating a
stronger interaction between surface Rh and pyrochlore [63]. The
higher temperature peaks indicate that rhodium is part of lattice and is
not supported on the surface. The peak at 321 °C and peak at 434 °C
suggest two different forms of Rh, each with different coordination
environment, which may be due to the rhodium substituted in perovskite structure and interacting with the surrounding pyrochlore cations. Reduction profiles for the Y substituted catalysts are qualitatively
similar to the LCZRh material. The peak temperatures of each catalyst
are summarized in Table 5. The peak at ∼ 265 °C (peak 1) shifts to
higher temperature (as a shoulder of peak 2) when Y content increases

3.2. Catalyst activity studies
3.2.1. Temperature programmed surface reaction (TPSR)
A temperature programmed surface reaction was performed to
evaluate the effect of Y loading on catalyst activity. The experiment was
designed to assess the catalytic activity in the kinetic regime (e.g. high
flow rates and dilute reactant concentrations). The use of high feed
dilution and flow rate in this study are intended to evaluate the intrinsic
activity of materials as a function of temperature. Four consecutive
cycles of CH4 TPSR were performed on each catalyst. The first cycle
(not shown) of TPSR was used as a pretreatment step to activate the
catalysts and did not produce a viable assessment of activity as all
7
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Fig. 5. TPSR study (2nd cycle) of all Rh substituted pyrochlores with different Y loadings.

materials showed similar behavior, and no obvious difference in activation temperature or H2 production levels was observed among all
catalysts tested.
Results from the second TPSR cycle are shown in Fig. 5 for all
catalysts. Activity was assessed by the temperature where reactant
conversion started, which was around 430 °C for the baseline LCZRh
catalyst. For the Y containing catalysts, there is no overall trend, or real
difference in reactant conversion when compared to each other or to
the LCZRh catalyst. This is likely due to the fact that Y occupies both
sites in near similar levels, despite the catalyst stoichiometry being
formulated to accommodate Y in either site (i.e. Y in A-site was La
deficient, and Y in B-site was Zr deficient). The unexpected result of this
is that La and Zr, and possibly Ca are unintentionally displaced from the
structure to the surface and grain boundaries where they would interact
with Rh. This can be seen by the different values of the surface atomic
ratio observed for each catalyst compared to each other, and more
importantly their theoretical value. However, there is one result

showing a correlation to the experimental data, which is the LCY40ZRh
showing higher surface Rh levels, more disorder in the oxygen sublattice, a lower reduction temperature and greater H2 consumption
compared to the other catalysts. With higher surface Rh levels, this
catalyst has more available sites for conversion, hence one of the reasons for a lower reactant conversion temperature and higher overall
conversion at the elevated temperatures. Furthermore, a greater disorder in the oxygen sublattice and reducibility is conducive to promote
oxygen ion conductivity which is desirable to minimize the accumulation of carbon under low steam conditions.
All catalysts were tested for four cycles of TPSR, with a total running
time 17.5 h. No obvious difference was observed between 2nd to 4th
cycles, indicating an excellent thermal stability of all catalysts as shown
in Figure S4. Consistent with the results from the 2nd cycle, the
LCY40ZRh was able to maintain a lower reactant conversion temperature and higher overall conversion of methane and selectivity to
synthesis gas during the 3rd and 4th cycles compared to the other
8
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Fig. 6. (a) XRD patterns of spent catalysts and (b) Raman spectroscopy analysis of surface carbon. Both taken post 4th TPSR reaction cycle.

catalysts.
Spent catalysts taken after the 4th TPSR cycles were then characterized by XRD as shown in Fig. 6a. Compared to the fresh catalysts,
the patterns for all the spent catalysts showed no significant difference.
La2Zr2O7 peaks were present in all the catalysts, which indicates that
the pyrochlore structure remains unchanged after the experiments. The
perovskite structure disappeared after the reaction, which may due to
the reducing environment during steam reforming, causing reduction of
the perovskite phase. The reduced catalyst didn’t show any detectable
Rh species, since the Rh is below the detection limit. The same behavior
was also observed by Smith et al. [28], and Abdelsayed et al. [62].
Smith et al. reduced the catalyst which contains both LaRhO3 and
La2Zr2O7. A significant decrease in perovskite phase was observed
when catalyst was reduced at 900 °C. As the perovskite phase decomposes, more Rh is released to participate in the reforming reaction, as
well-dispersed and stable rhodium oxide particles on the surface that
are not detectable by XRD, in addition to the Rh in the pyrochlore
phase. The peaks at 26.6° and 20.8° (2θ value) represent the SiO2 from
quartz wool.
The coking on the catalysts was analyzed by Raman spectroscopy as
shown in Fig. 6b. Two major peaks were observed in each catalyst at
about 1600 cm−1 and 1350 cm−1. Generally, the labeled G band is
characteristic of ordered or graphitic aromatic carbon deposited, and D
band represents the disordered carbon deposits [1]. The IG/ID, the
intensity ratio between G and D bands, was calculated and listed in the
figure, which represents the graphitic degree of carbon on the catalyst
surfaces. Relatively lower graphitic degree was observed for LCY15ZRh
and LCY40ZRh. The TGA analysis of all spent catalysts from TPSR are
shown in Figure S5. LCZRhY15 showed the lowest weight loss (1.8 %),
whereas LCY40ZRh showed highest weight loss (2.7 %). Despite the
similar Y coordination environment for the two catalysts, this may be
due to the difference in the amount of surface Rh between the two
catalysts. LCY40ZRh showed relatively higher surface Rh species, which
means more active sites for reforming reaction. TPSR of LCY40ZRh, as
shown in Fig. 5, showed the lowest activation temperature amongst all
catalysts. Thus, the carbon deposited on catalyst surface may directly
relate with surface Rh where reforming reaction takes place. Considering the catalysts containing Y in the B sites showed lowest amount
of carbon formation indicated having more Y in this site is desirable for
its mitigation.

reduction of perovskite/pyrochlore is a relatively fast process in comparison. Thus, the conditioning period of the catalyst could be attributed to two possible reasons. Firstly, the exposure to the reactive gases
alters the catalyst surface structure in-situ to produce an improvement
in activity, which may relate to some of the Rh residing in the LaRhO3
perovskite solid solution. Under the reaction conditions, the Rh residing
in the bulk forms of both pyrochlore and perovskite phases may exsolve
to the surface, similar to Ni-based pyrochlores as reported by Haynes
et al. [64]. A qualitatively similar type of activation behavior was observed using those Ni-based pyrochlore catalysts for MSR and therefore
we believe the mechanism for the activity improvement for the Rh
catalysts would also be similar. In addition to metal enrichment,
speculate another reason for the conditioning period may also correlate
to the formation of La oxycarbonates through the movement of the La
(OH)x species under high temperature steam. One of our previous study
observed the activation of CO2 taking place on La site by formation of
three types of La2O2CO3 [17]. The La2O2CO3 species is stable under the
current condition (850 °C) [65]. Gallaher et al. also observed LaOOH
formation in a reducing atmosphere, and the carbonate species were
found to be very stable on the surface of LaRhO3 [66]. After the conditioning period, the catalyst shows stable CH4 conversion and H2 yield
for the duration of the experiment. The results indicate that the catalyst
is highly stable under relevant low steam reaction conditions. [17].
Rh based catalysts have been widely studied using various supporting materials, and majority of the Rh-based catalysts were studied
for methane steam reforming at S/C of 3, a high steam to carbon ratio
which favors the conversion of methane and suppresses coke formation.
Duarte et al. studied the structure, activity and stability of the atomically dispersed Rh on CeO2-Al2O3 for methane steam reforming. The
catalyst deactivated after 48 h reaction at S/C = 3 [67]. In another
work, Lopez et al. studied MgAl2O4-supported Rh for methane steam
reforming under varied S/C condition. Only 78 % of catalytic activity
was maintained with S/C of 1.5 at 850 °C [68]. Compared to the prior
studies, LCYZRh catalyst showed superior long-term stability, under
more severe carbon forming conditions by maintaining the stable, nearequilibrium activity for over 300 h. Rapid aging tests designed to increase carbon formation further demonstrated the high activity for selective carbon gasification for the pyrochlore catalyst while minimizing
CH4 decomposition for molar S/C ratios as low as 0.25 with no signs of
deactivation.
The spent sample, from the long-term stability test, was also characterized with XRD, and the data was shown in Figure S6. Compared to
fresh catalyst, the long-term spent catalyst showed no significant difference where the pyrochlore structure remains unchanged after the
reaction. The perovskite phase was also not detected in the spent catalyst due to the reduction of the catalyst under reaction conditions. SiO2
was also detected which represents the quartz and sand diluent. No
obvious carbon peak was detected after long-term MSR. The spent
catalyst was also characterized by TGA to quantify the coking behavior.

3.2.2. Long term stability test
To investigate the durability of the catalysts, the catalyst LCY40ZRh
material was subjected to a 300 -h test at 850 °C, as shown in Fig. 7. The
catalyst showed an interesting activation behavior that consisted of a
high initial activity, which dropped almost immediately on introduction of the reactants. However, the activity loss was reversible, and was
recoverable to initial values after roughly 50 h. While the conditioning
process took nearly 50 h to recover to the initial value, the structural
9
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Fig. 7. Long term stability test of LCY40ZRh catalyst at 850 °C and 0.45 MPa. (a) CH4 conversion, (b) H2 yield, (c) H2/CO ratio, and (d) TGA analysis of spent catalyst.
Reaction conditions: S/C = 1. WHSV = 80000 sccm/gcat/h.

An 8.7 % weight loss was detected from the TGA profile, indicating
carbon deposition on the catalyst surface during long-term MSR at S/C
of 1.

for 0.5 and 0.75. The activity of LCY40ZRh decreases when S/C drops
from 1.0 to 0.25, but remains stable at each condition. At extremely low
S/C = 0.25, LCY40ZRh showed stable conversion of CH4. Interestingly,
the catalyst is shown to be highly selective for carbon oxidation and
does not promote excessive decomposition of CH4 as the S/C ratio decreases below 1.0, and only reacts CH4 with the available steam present. When S/C ratio is increased from 0.25 back to 0.5, the catalyst
showed minimal decrease in activity compared to the original activity
at S/C = 0.5, indicating high carbon tolerance and surface reproducibility likely due in part to the additional oxygen vacancies introduced
from Y in the B-site [8].

3.2.3. The effect of S/C
The effect of the steam-to-carbon ratio (S/C) was also evaluated
using the LCY40ZRh catalyst. As shown in Fig. 8, S/C ratios of 1.0, 0.75,
0.5, and 0.25 were consecutively tested, followed by a return to those

4. Conclusion
The effect of Y substitution at both A and B sites on a series of Rh
substituted lanthanum zirconate pyrochlore synthesized by a Pechini
derived method was studied to understand how the presence of Y (0 %,
1.5 %, and 4%) affects pyrochlore structure and interacts with Rh. The
XRD analysis confirmed the formation of the pyrochlore structure in all
samples, but also showed the presence of perovkite phase LaRhO3. The
shift in lattice parameter showed the successful doping of Y in both
sites. XANES data unveiled that Y doped predominantly at B site of
pyrochlore at low concentration, regardless of doping position in stoichiometric calculation. XPS supported the fact that part of Rh active
species were distributed inside the pyrochlore matrix. More anionic
disorder was observed with Y doping in the structure, and the oxygen
species help in Rh dispersion in the structure, resulting in more reducible Rh on the surface for the sample intending to have the highest
loading of Y in the A-site (LCY40ZRh) as observed by XPS. All catalysts
showed stable, reproducible catalytic activity toward methane steam
reforming, but the LCY40ZRh displayed the highest activity and lowest
reactant activation temperature in TPSR test due to greater surface Rh
levels and disorder in the lattice oxygen. The catalytic activity and

Fig. 8. Change of methane conversion depending on reaction time and S/C
ratio. Reaction condition: 850 °C, S/C = 1, 0.75, 0.5, 0.25, 0.5, 0.75, 3 h/stage,
WHSV = 60,000 sccm/gcat/h.
10
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selectivity for this catalyst was demonstrated to be repeatable over 3
consecutive temperature cycles to 850 °C. The surface carbon species
characterized by Raman indicated a higher degree of inactive graphitic
carbon on catalysts with more Y doping at the B site, especially the
LCZRhY15 indicating having more Y in B site will help mitigate carbon
formation. The LCY40ZRh catalyst was further examined for long term
stability and was found to produce stable product yield and selectivity
for over 300 h continuously under a S/C = 1.0, showing a remarkable
ability for methane conversion and a low degree of coking. The same
formulation also showed to be highly selective for carbon gasification
and resistance to carbon formation under S/C ratios as low as 0.25 for
3 h with little signs of deactivation.
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